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Non-metal ultrasonic testing analyzer could be used to measure the physical properities of new building materials. 
Taking a new subgrade material named municipal solid waste incineration bottom ash (MSWIBA) as an example, the 
feasibility that ultrasonic wave velocity was used to measure physical and mechanical properties of MSWIBA was analyzed 
according to studying the relationship between uniaxial compressive strength (σc), main differential stress peak value  
(σ1-σ3)max, cohesive force (c), internal friction angle (φ) and ultrasonic wave velocity. The feasibility that the Poisson's ratio 
computational formula of materials that owns cohesive force was analyzed whether it is suitable for use in MSWIBA. The 
dynamic elastic mechanics parameters were calculated based on elastic theory. The results show that there is a positive 
linear correlation relationship between σc, (σ1-σ3)max, c, φ, and ultrasonic wave velocity with the slope changing in a small 
scope. The Poisson's ratio computational formula of materials that owns cohesive force is suitable for MSWIBA, and the 
Poisson's ratio is 0.20~0.28 with dry density being 1.5 g/cm3 within 28 days . The dynamic modulus of elasticity (E) and 
dynamic shear modulus (G) increase with curing age increasing (E, G =Alnθ+B); however, the dynamic Poisson's ratio 
decreases with curing age increasing. 
[Keywords: New building materials; MSWIBA; Ultrasonic technology; Physical and mechanical properties] 
Introduction 
As all kinds of building materials being used in 
constructional engineering and road engineering, the 
the physical properities of new building materials 
should be further studied in detailed. Nonmetal 
ultrasonic testing analyzer could be used to measure 
the physical properities of materials according to 
ultrasonic wave velocity test. An important problem 
should be worthy of discussion whether the 
application of ultrasonic technology is suitable for 
measuring the new building materials’ properties. 
Taking a new subgrade material named municipal 
solid waste incineration bottom ash (MSWIBA) as an 
example, the problem will be discussed in depth. 
Municipal solid waste incineration bottom ash 
(MSWIBA) is one of the most relevant environmental 
problems of industrialized countries1. If MSWIBA 
can be used for road building, not only does it save 
land resources, but also eases the material shortage 
problem in road construction2, such as that faced in 
the Spain3, Netherlands4, and Denmark5. The 
applications of MSWIBA in new building materials 
have been reported in many papers. The feasibility of 
using MSWIBA to replace the gravel aggregate in 
road construction has been analyzed from the aspects 
of resource, energy consumption and environmental 
emissions2. The theoretical relationship between the 
desired level of protection of soil and groundwater 
and MSWIBA that is applied in road construction  
is verified by laboratory leaching tests6.The 
characterization of the MSWIBA was performed with 
the aim of assessing the feasibility of using this waste 
as raw material in the production of glass that can be 
further processed as glass–ceramics for application in 
construction7. It has been used in slag concrete for a 
few years, and the study on the physical, chemical, 
and mechanical properties as well as the working 
performance of MSWIBA in concrete have been 
thoroughly investigated8. The MSWIBA is suitable 
for using in subgrade material according to carrying 
out field test, which the strength of MSWIBA satisfies 
the requirement of road subgrade9. The mechanical 
properties of MSWIBA that used for subgrade 
material was tested by means of cyclic load triaxial 
tests, which the variations in the deformation 
properties of the materials was analyzed in detail10,11. 
Ultrasonic technology has been successfully 
applied in studying the physical and mechanical 
properties of rock-soil body. The generation, 
transmission, and observation of ultrasonic wave in 
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the rock mass have been a new discipline, which has 
laid a theoretical basis for geotechnical sound 
detection12. Ultrasonic testing owns many advantages, 
such as good ultrasonic directivity, bigeger 
transmission energy, strong adaptability, high 
detection sensitivity, harmless to the human body and 
strong penetration for various materials, additiondally, 
beacuse the ultrasonic method has non-destructive, 
rapid, convenient and low-cost advantages13, which 
has become an important method in the geotechnical 
engineering exploration, it has been the fastest 
growing, most widely used in nondestructive testing 
of detection technology and occupies the very 
important position in the geotechnical engineering 
exploration14. Ultrasonic test can be used to reflect the 
physical-mechanical properties and the characteristics 
of rock and soil mass according to extracting the 
ultrasonic parameters. The change law of frozen soil 
dynamic elastic parameters with the the temperature 
and moisture content has been studied by using 
ultrasonic test in China15. The shear wave velocities 
of dry sand specimens are obtained under different 
working conditions, and the experience formula of the 
maximum shear modulus based on ultrasonic test16. 
The change law of elastic mechanics index is 
analyzed, which is affected by negative temperature 
and moisture content according to analyzing the 
results of ultrasonic wave velocity of frozen soil17. 
However, the physical and mechanical properties 
of MSWIBA should be further studied, and there is a 
little information available on the theoretical basis of 
ultrasonic wave velocity test whether it is suitable for 
analyzing the strength of MSWIBA. The dynamic 
elastic modulus, dynamic shear modulus and dynamic 
Poisson's ratio are three basic parameters of dynamic 
properties of MSWIBA, which are also the essential 
mechanics index for the foundation and road 
engineering. The relationship is analyzed between 
uniaxial compressive strength, main differential stress 
peak value, cohesive force, internal friction angle and 
ultrasonic wave velocity in this paper. The feasibility 
whether the ultrasonic wave velocity is suitable for 
measuring the physical and mechanical properties of 
MSWIBA can be analyzed, and the dynamic elastic 
mechanics properties of MSWIBA can be determined 
based on the elastic theory, which is of great 
importance for the application of acoustic detection 
technology in MSWIBA project.  
 
Materials and Methods 
 
Material properties 
The MSWIBA that tested in this paper is taken 
from a garbage power plant in Jiangsu Province of 
China. It is darkbrown with water content being 
10%~20%, while it is gray after being dried. The 
gradation curves of MSWIBA is shown in Fig. 1a. 
The maximum dry density (ρdmax) is 1.524 g·cm-3 with 
optimum water content being about 15.5%, which can 
be identified based on compaction test in Fig. 1b. 
Fig.1b shows the curve decreases rapidly when the 
water content is lower than the optimum water 
content (15.5 %), while the curve decreases slowly 
after the optimum water content. Therefore, 
MSWIBA shows better compaction performance with 
water content from 10 % to 20 %.  
Therefore, the MSWI bottom ash shows good 
compaction performance in a wide range of moisture 
content varation. The MSWI bottom ash belongs to 
good grading gravel soil, and it is similar to sand 
material from analyzing the basic characteristics and 
composition. The particle size distribution is in line 
with road building materials (aggregate and grading 
 
Fig. 1 — (a) Gradation curves of MSWI bottom ash; (b) Curves of moisture content and dry density 
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macadam or graded gravel, et al) distribution 
requirements, and the compressive strength is larger, 
which can be used for subgrade filling after it was 
close-grained. What’s more, water content should be 
controlled for ensuring roadbed compaction degree in 
the process of subgrade construction, and the MSWI 
bottom ash can be stacked for a period of time to 
reduce the moisture content. 
 
Test principle and equipment 
The ultrasonic velocity of MSWIBA samples is 
measured by using NM-4A nonmetal ultrasonic 
testing analyzer. There is a positive correlation 
between wave velocity and the strength of MSWIBA. 
The working principle is as follows: Based on the 
time that the ultrasonic wave across the distance of 
two points (l), the delay time of electronic circuit (T0) 
is taken into account. The ultrasonic velocity (V) is 
written as15,: 
 
0T-T
2lV   … (1) 
 
Where T is the total delay time of electronic circuit 
and across the samples. 
There is a positive correlation between wave 
velocity and rock-soil body strength18,19. There is a 
similar change law between ultrasonic longitudinal 
wave (Vp) and shear wave velocity (Vs), taking Vp as 
an example, the theory is established on the 
application that the ultrasonic wave velocity is used 
for detecting the MSWIBA intensity. The Poisson's 
ratio (v), internal friction angle (φ) and cohesive force 
(c) can reflect the physical and mechanical properties 
of rock and soil mass20, based on the elastic theory, 
the definition of Vp is written as15: 
 
））（（ 

211
)1(
-p
EpV 
  … (2) 
 
Where the E is modulus of elasticity, and p is 
density. The derivative of equation (2) is written as： 
 


-1
1'p  AV  ... (3) 
 
Where A>0 and the Poisson's ratio of continuum is 
[0, 0.5]21, which leads to v﹤1 and Vp'>0, the 
relationship between Vp and v is written as： 
 
bVp   … (4) 
 
Where b > 0, and the equation (4) means there is a 
positive correlation between Vp and v, which also has 
the similar change law for Vs, therefore, the MSWIBA 
intensity has a positive correlation with the ultrasonic 
wave, which provides a theoretical basis for analyzing 
the strength of MSWIBA according to using ultrasonic 
wave detection. Taking Vp as an example, the 
relationship is analyzed between the σc, (σ1-σ3)max, c, φ 
and ultrasonic wave velocity in this paper.  
 
Results 
The Vp of MSWIBA samples with water content 
(w) being 15% are shown in Table 1 according to 
ultrasonic wave velocity test under condition of room 
temperature (20 ± 2 Ԩ). 
 
Relationship between Vp and uniaxial compressive 
strength 
Taking 7 groups of MSWIBA samples as examples 
(ρd = 1.5 g/cm3), the relationship between Vp and σc of 
samples with different curing ages is shown in Figure 
2 and 3 shows that the σc has a positive correlation 
 
Table 1 — The change law of ultrasonic wave velocity (Vp) with 
different curing ages 
w ρd 3 days 7 days 14 days 28 days 
15 % 1.4 g/cm3 955m/s 1183m/s 1205m/s 1221m/s 
15 % 1.5 g/cm3 1055m/s 1190m/s 1223m/s 1237m/s 
15 % 1.6 g/cm3 1141m/s 1322m/s 1378m/s 1391m/s 
 
 
Fig. 2 — Relationship between σc and Vp 
 
 
 
Fig. 3 — Relationship between (σ1-σ3)max and Vp 
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with Vp, and the Vp increases with σc from 3 to 28 
days. The fitting relation is written as: 
 
Vp = 1.2978σc + 821.92 … (5) 
 
Fig. 2 also shows that Vp and σc increase with 
curing age increasing. The Vp and σc have a rapid 
increase from 3 to 7 days, while they tends to be 
stable after 14 days. According to analyzing the 
change law of Vp and σc, the increment of σc are 
accounted for 56%, 24% and 20% of total increment 
in the period of 3~7 days, 7~14 days, and 14~28 days 
respectively, accordingly, the increment of Vp is 
accounted for 56.5%, 17.5%, 16% respectively. 
Therefore, the change law of Vp and σc shows the 
consistency with the curing age increasing. 
 
Relationship between Vp and main peak stress 
difference 
 
Taking the samples with ρd=1.5g/cm3 as an 
example, the SJ-IA. G Triaxial Shear Tester was used 
to carried out saturated consolidation triaxial drainage 
test, the relationship between (σ1-σ3)max and Vp is 
shown in Fig.3, which Vp is measured before triaxial 
drainage test and the Vp is the average of the five 
samples with the w=15%. The four points of each line 
are measured with different curing ages (3, 7, 14, and 
28 days) in Fig.4 shows that there is a linear 
relationship between (σ1-σ3)max and Vp, and the 
relation is written as: 
 
(σ1-σ3)max = kVp + b … (6) 
 
The fitting equation with confining pressure (σ3) 
being 50 kPa is written as: 
 
(σ1-σ3)max = 3.5207Vp - 3037.1 … (7) 
 
The equation with σ3=100 kPa is written as: 
 
(σ1-σ3)max = 4.4135Vp - 3681.5 … (8) 
 
The equation with σ3 = 200 kPa is written as: 
 
(σ1-σ3)max = 4.1356Vp - 2624.7 … (9) 
 
The equation with σ3 = 400 kPa is written as: 
(σ1-σ3)max = 3.5951Vp - 1473.4 … (10) 
 
Therefore, (σ1-σ3)max increases with Vp increasing, 
which has a linear positive correlation relationship 
between them. According to Eqs. (6)~(9), the slope 
(k) is similar with different curing ages. 
 
Relationship between Vp and shear strength 
Taking the MSWIBA samples (ρd=1.5 g/cm3) as an 
example, the Mohr's circle is shown in Fig.4a with  
σ3 = 50, 400 kPa, and the change law of cohesive force 
(c) with different curing ages is shown in Fig. 4b. The 
change law of internal friction angle (φ) is also shown 
in Fig. 4c. Fig. 4 shows that the c is larger than that of 
actual value due to a important reason that the two 
Mohr's circle strength envelope is simplified to linear 
The two Mohr's circle strength envelope should  
be shown as a curve, and the envelope function is  
written as: 
 τ = σftanφ + c1 (f≠1) … (11) 
 
However, based on detailed analysis, the overall 
trend of cohesive force with curing ages and dry 
densities is similar whether what kind of strength 
envelope is used. Therefore, the Mohr's circle strength 
envelope is simplified to linear, for the convenience 
of analyzing the relationship between the Vp and c of 
MSWIBA, which the envelope function is written as: 
 τ =σtanφ + c2  … (12)  
 
Where τ and σ are shear stress and normal stress 
respectively. The relationship between Vp and shear 
strength parameters (c and φ) is shown in Fig. 5.  
Fig. 5a shows that there is a linear positive correlation 
relationship between Vp and c, for examples, the 
fitting formula with σ3=50,100 kPa is written as: 
 
c = 0.3335Vp - 278.4 … (13) 
 
The formula with σ3=100, 200 kPa is written as: 
c = 0.8272Vp - 832.93 … (14) 
 
 
Fig. 4 — (a) Sketch of geometric relationship of Mohr circles and linear envelope; (b) Change law of internal friction angle; (c) Change 
of cohesive force with ρd=1.5g/cm3 
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The formula with σ3=50, 400 kPa is written as: 
c = 0.5362Vp - 507.89 … (15) 
The formula with σ3=50, 200 kPa is written as: 
c = 0.74Vp - 686.43 … (16) 
Fig. 5b means Vp has a linear relationship with 
internal friction angle with different dry densities, the 
fitting formula with ρd=1.4 g/cm3 is written as: 
φ = 0.0334Vp + 17.436 … (17) 
The formula with ρd=1.5 g/cm3 is written as: 
φ = 0.0341Vp + 12.773 … (18) 
The formula with ρd=1.6 g/cm3 is as follow: 
φ = 0.0361Vp + 3.3272 … (19) 
Therefore, the Vp has a linear relationship with σc, 
ρd, (σ1-σ3)max, c and φ. According to numerical fitting 
for many times, a best fitting relation can be obtained 
between Vp and the former five parameters: 
y=kVp+b … (20) 
Where k is similar under different conditions, 
and the fitting formula also shows Vp has a 
positive correlation relationship with MSWIBA 
strength, which provides a theoretical basis for 
determination of physical and mechanical 
properties of MSWIBA according to using 
ultrasonic wave velocity test. 
 
Theoretical Poisson's ratio 
The geometric diagram of Mohr's circle and linear 
envelope that the material owns cohesive force is 
shown in Fig. 6. The shear stress (τ) is written as: 
 
c+σtanφ=τ  … (21)  
 
According to Fig. 6, τ and σ can be written as: 
 
cos
2
)σ-(σ=τ 31   … (22) 
 
 
)sin-1
2
)σ-(σσ=σ 313 （   … (23) 
 
Additionally, the Poisson's ratio (v) has relevant 
relations with cohesive force (c), internal friction 
angle (φ) and uniaxial compressive strength (σc)20. 
The relationship between the former three parameters 
can be determined through a large number of trials for 
the materials that owns cohesive force21, which is 
written as: 
 
 
 
Fig. 5 — (a) Relationship between c and Vp; (b) Relationship between φ and Vp 
 
 
 
Fig. 6 — Sketch of geometric relationship of Mohr circles and linear envelope 
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)-2(1
σc c
v
v  … (24) 
 
According to Mohr's circle of uniaxial compression 
and Eqs. (18)~(20), τ and σ are written as: 
 
cos
2
 σ=τ c  … (25) 
 
）（ sin-1
2
σσ c2   … (26) 
 
According to Eqs. (21), (24) and (26), the v is 
written as21: 
   2451 245 /tan /tanv   

  … (27) 
 
Eq. (27) is a theoretical equation, which is obtained 
according to a large number of trials for materials that 
own cohesive force, however, the fact that whether 
Eq. (27) is applicable for MSWIBA is unclear. The φ 
of MSWIBA with ρd=1.5 g/cm3 is shown in Table 2, 
and the theoretical Poisson's ratio (v1) can be 
identified in Table 2 based on Eq. (27). 
 
Test Poisson's ratio 
In order to discuss the application of equation (27) 
in MSWIBA, the v1 in Table 2 is compared with the 
test Poisson's ratio (v2) that calculated by ultrasonic 
wave velocity test. Based on elastic theory, the 
Poisson's ratio (v) can be determined by testing Vp 
and Vs, which are written as20,21: 
 
））（（ 

211
)1(
-p
EpV 
  … (28) 
 
）（  12 p
EsV   … (29)  
 
v-sV
pV
21
)1(2    … (30) 
 
Where E is elasticity modulus, p is the material’s 
density. The Vp can be tested by ultrasonic testing 
analyzer directly, but Vs is calculated by using shear 
wave converter. The test Poisson's ratio (v2) with 
ρd=1.5 g/cm3 is shown in Table 1, which can be 
determined based on Eq. (30). Table 2 shows that v2 
and v1 are similar, which they are range from 0.2 to 
0.3 and decrease with curing ages increasing. 
Therefore, Eq. (27) is applicable for MSWIBA, which 
can reflect the change of the actual Poisson's ratio of 
MSWIBA.  
 
Dynamic elastic mechanics parameters 
Dynamic elastic mechanics parameters of materials 
can be determined through measuring the ultrasonic 
wave velocity. The dynamic elastic mechanics 
parameters include dynamic modulus of elasticity (E), 
dynamic shear modulus (G) and dynamic poisson's 
ratio (v). The dynamic elastic mechanics parameters 
of Municipal Solid Waste Incineration Bottom Ash is 
an important part of the dynamics of Municipal Solid 
Waste Incineration Bottom Ash, which is also the 
premise of engineering application. Dynamic elastic 
mechanics parameters of materials can be determined 
through measuring the ultrasonic wave velocity15. 
Based on elastic theory, the dynamic elastic 
mechanics parameters is written as21,22: 
 










)s-p(2
s2-p
s
s-p
)s4-p3(s
22
22
2
22
222
VV
VV
VG
VV
VVVE



 … (31)  
 
The dynamic elastic mechanics parameters is 
determined by Vp and Vs, however, Vs is calculated 
by using shear wave converter, which means that it is 
difficult to test the Vs. Therefore, Vs can be 
determined by testing Vp based on Eqs. (27), (30) and 
(31) rather than test the Vs, and Vp is written as: 
 
）（ 

 12
2-1ps VV
 
 … (32)  
 
Taking the MSWIBA samples with ρd=1.5 g/cm3 as 
an example, the dynamic elastic mechanics 
parameters (theoretical value) can be determined in 
Fig. 7 based on the Vp in Table 1, Eq. (22) and 
theoretical Poisson's ratio (v1) in Table 2. Fig. 7 shows 
 
Fig. 7 — Relationship between dynamic elastic modulus, shear modulus, Poission' s ratio and curing ages 
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that E and G increase with curing age increasing. It is 
noticeable that E is 1.25~2.60 GPa while G is 0.5~1.0 
GPa within 28 days. Regression analysis is carried out 
on test results, and the E is determined with curing 
ages, which is written as: 
 
E= 0.5078ln(θ) + 0.7573  … (33) 
G is written as: 
G = 0.2047ln(θ) + 0.2964  … (34) 
The relations between E, G and curing age can be 
written as: 
E =A1lnθ+B1  … (35) 
G =A2lnθ+B2  … (36) 
Where θ is curing age (days). A and B is the 
parameters that is associated with dry density and 
curing age. Under this experimental condition, A1 and 
A2 are 0.5078 and 0.2047 respectively while B1 and B2 
are 0.7573 and 0.2964 respectively. Fig. 7(c) shows 
that v is 0.2~0.28, which decreases with curing age 
increasing. The E, G and v meet Eq. (37), which 
conform to the theory and the actual situation. 
 
ν)+2(1
E=G   … (37) 
 
In order to verify the accuracy of dynamic elastic 
mechanics parameters of MSWIBA, the experimental 
value is determined by testing ultrasonic wave 
velocity in Fig. 7. Fig. 7 shows that the theoretical 
value and experimental value is similar, therefore, the 
dynamic elastic mechanics parameters of MSWIBA 
can be determined by using equation (27). 
 
Conclusion 
The ultrasonic wave velocity has a linear positive 
correlation relationship with σc, (σ1-σ3)max, c and φ. A 
best fitting formula can be obtained between Vp and 
the former five parameters: y=kVp+b, where k is 
similar under different conditions, which provides a 
theoretical basis for the determination of physical and 
mechanical properties of MSWIBA according to 
using ultrasonic wave velocity test. The Poisson's 
ratio formula of material that owns cohesive force is 
introduced into MSWIBA, and the Poisson's ratio of 
MSWI bottom ash is 0.20~0.28 from 3 to 28 days, 
which provides a theoretical basis for studying the 
strength characteristics of MSWIBA. Ultrasonic 
method can quickly and easily test the dynamic elastic 
mechanics parameters of MSWIBA, which will be 
one of the preferred methods. The dynamic modulus 
of elasticity (E) is 1.25~2.60 GPa and dynamic shear 
modulus (G) is 0.5~1.0 GPa, while dynamic poisson's 
ratio (v) is 0.2~0.28 within 28 days, which v decreases 
with curing age increasing. The dynamic modulus of 
elasticity and dynamic shear modulus can be 
described by using the unified equation: E, G 
=Alnθ+B. 
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